The adsorption of cationic organic dyes (methylene blue, thionine, and thiopyronine) on Qf3 bacteriophage was studied by UV-visible and fluorescence spectroscopy. The dyes have shown a strong affinity to the virus and some have been used as sensitizers for photo-induced inactivation of virus. In the methylene blue concentration range of 0.1-5 ,uM and at high ratios of dye to virus (greater than 1000 dye molecules per virion), the dyes bind as aggregates on the virus. Aggregation lowers the efficiency of photoinactivation because of self-quenching of the dye. At lower ratios of dye to virus (lower than 500 dye molecules per virion), the dye binds to the virus as a monomer. Fluorescence polarization and time-resolved studies of the fluorescence support the conclusions based on fluorescence quenching. Increasing the ionic strength (adding NaCl) dissociates bound dye aggregates on the virus and releases monomeric dye into the bulk solution.
Two broad techniques have been used for eliminating viral contamination in blood products: removal and inactivation. The former has been partially achieved by washing, filtration, or adsorption (1) . The latter has utilized heat, intrinsically active chemical agents, photo-and y-irradiation without chemical addition, and photo-irradiation in the presence of sensitizing agents that are usually inactive until irradiated (2) (3) (4) (5) (6) . For inactivation to preserve sensitive bystander molecules or cells, a very high degree of specificity for the virus must be obtained. In general, photo-irradiation in the presence of sensitizing agents is the only method that has yet approached the requisite specificity, in part because the sensitizer can be concentrated on the virus before it is activated. The sensitizing agent must have a high binding constant and bind specifically to a viral component: its lipid envelope (when present), its protein coat, or its genome. It must also have a path by which it can reach this component, as well as time to do so. Any coreactant (e.g., oxygen) must also have a path by which it can reach the reaction site. Inactivation may occur either because photoinduced damage renders the virus unable to enter a prospective host cell or because the virus is unable to replicate after entry because its genome has been rendered defective.
We have selected methylene blue (MB) and its derivatives thionine (Th) and thiopyronine (TP) as prototype sensitizing agents ( Fig. 1) for virus inactivation. These dyes have high in vitro binding affinity to nucleic acids, a feature that appears to confer their microbiocidal and virucidal activity (7, 8) . MB is known as an antivirucidal compound, and it is at least competitive with other agents in minimizing undesirable effects. Its chemical and biological properties have been thoroughly studied (7) , the optical absorption is optimum for the blood banking application, and it is currently being used clinically for photoinactivation of fresh frozen plasma in Europe (9) . Inferring from the high binding affinity of MB, Th, and TP to nucleic acids and from the quenching of the fluorescent dye singlet excited states by the nucleic acid bases (10-12), we examined whether a similar quenching mechanism occurred in the MB/virus system. Bacteriophage Q(3, an icosahedral single-stranded RNA phage, was selected for this preliminary 7446 study in spite of many differences between it and mammalian viruses because of its ability to grow to high titers, its ease of assay, and the extensive information available about its structure, replication mechanism, and cloning.
The availability of an easy assay for MB binding is important for understanding the viral photoinactivation process and the reasons for incomplete inactivation. In this study, the equilibrium binding of cationic organic dyes MB, Th, and TP to Q03 bacteriophage was examined using photochemical methods. The effects of salt concentration (ionic strength) on the phage/MB binding equilibrium were also examined.
EXPERIMENTAL METHODS
Dyes. MB (MB+Cl-= MB) (Aldrich) was recrystallized from ethanol/water, 4:1 (vol/vol). Th (Th+Cl-= Th) was isolated from a commercial product (Th+OAc-, Fluka) by salting out with NaCl three times and recrystallizing from water and ethanol. TP (TP+Cl-= TP) (Fluka) was twice recrystallized from ethanol. Hydrogen chloride associated with crystalline TP (TP+Cl-x 1/2 HCl) was removed by heating at 100°C in vacuo at 0.1 torr (1 torr = 133 Pa) (13) .
Transformation of Escherichia coli NP20 and Generation of QfI Phage. E. coli NP20 (tetr) was transformed with plasmid p+Q,BWT (gifts of D. Mills, SUNY Downstate Brooklyn) to generate wild-type cloned Q0B phage. In the transformation, 50 gl of competent E. coli NP20 was added to 1 ,lI of plasmid p+Q,BWT (concentration of 1 mg/ml, suspended in 10 mM Tris HCl, pH 7.5/1 mM EDTA) at 0°C. After 20 min, cells were heat shocked at 42°C for 1 min and immediately chilled to 0°C with subsequent addition of 0.9 ml of sterile broth. After 5 min, the mixture was incubated at 37°C for 10 min. For plating of the transformed cells, 0.95 ml of the mixture was added to 3.5 ml of top agar at 45°C [TYGS medium (14) ], gently mixed, plated onto a Petri dish with bottom agar, and incubated overnight at 37°C.
The overnight solid culture showed confluent lysis and a wild-type cloned Q,B culture wa-s prepared from plate lysates by adding 5 ml of sterile broth to the lysed surface of the plate. After 1 h, the liquid sterile broth was removed to a sterile tube and 50 ,ul of chloroform was added. The culture was centrifuged (200 x g, 20 min), the pellet was discarded, and the supernatant was titrated (final titer, 101" plaque-forming units/ml). Growth A Continuum PY61-10 Nd-YAG laser system was used for excitation at 532 nm (=0.5 mJ per 30-ps pulse) and a Hamamatsu streak scope C4334 system with Hamamatsu software was used for time-resolved fluorescence detection and data acquisition. This technique allows collection of fluorescence lifetimes and real-time kinetic quenching data in the fluorescence time regime relevant for the examination of the dyes (0.1-10 ns) (16 (Fig. 1 ) but show higher singlet energies and lower reduction potentials (Table 1 ). These differences may account for slight differences in binding properties of dye to virus. Optical absorption and fluorescence experiments with Th and TP were performed as with MB. All showed equivalent adsorption and aggregation behavior to Q(3 (Fig. 5) . At lower concentrations of Q,0, all three dyes showed a strong tendency to aggregate on the virus.
At high Q(3 concentrations (>5 x 10-9 M) and dye concentrations between 0.5 and 5 ,M (dye/phage ratios < 500), all three dyes were bound as monomers. All three dyes showed similar saturation of monomeric sites in the Langmuir-like isotherm portion of (Table 1) . The ratio between bfOUfd and Dfree reflects the reactivity of the bound dye in its singlet excited state. This ratio increases in the order of Th < MB < TP (Table 1) , implying a decrease in the reactivity of the singlet excited states of the bound dye monomers in this order. The higher reactivity of excited Thbound singlets over MBbound states can be explained by the higher singlet energy (ES) of Th, which causes Th to have a higher excited state reduction potential (Ered) ( Table 1) . Previous reports (10, 11) have shown that MB quenching by electron transfer occurs only when it is intercalated close to guanine nucleotides but not when its neighbors are adenine nucleotides. It also has been reported (11) that Th is quenched by adenine nucleotides, consistent with its higher singlet energy. This explanation is also consistent with the lower ratio of (D bound to 1D4free for Th in comparison with MB.
It is unclear why TP possesses the highest quantum yield ratio ( (30) . For each of the dyes studied, the bound monomers possess a significantly higher fluorescence polarization value than that of the free dye (Table 1 ). This higher polarization value implies restricted freedom of movement in the bound state. As expected, both polarization values for TP (pfree and pbound) are lower than the corresponding values for MB and Th because of the longer fluorescence lifetime of the free and the bound TP.
In addition to the steady-state experiments, time-resolved fluorescence spectra were recorded for TP by excitation at Aex = 532 nm with 30-ps pulses. Fig. 6 shows fluorescence decays and spectra at different phage concentrations. The steadystate and time-resolved spectra both present similar bathochromically shifted emission from monomer dye bound to Q0( (Fig. 6 ). The fluorescence intensities of different time-resolved spectra are not comparable to each other because of the experimental method. To study the effect of ionic strength on MB aggregates, the optical absorption and fluorescence of an aqueous solution containing MB and Q13 were recorded at different concentrations of NaCl (Fig. 7) . In the absence of NaCl, a large fraction of the MB appeared to exist as bound aggregates, and little monomer could be detected (Fig. 8, spectrum b) . When the concentration of NaCl was increased, the fluorescence intensity and the optical absorption of the free MB increased (c-f). At [NaCl] = 0.1 M, almost no aggregates could be detected (spectrum f). The optical absorption and fluorescence intensity measurements and the fluorescence excitation spectra of the MB/Qf3/NaCl mixture ([NaCl] = 0.1 M) were similar to those of free monomer in water solution without Q0B. These results show that as the solution's ionic strength increased, dye molecules previously bound to viruses as aggregates were released as monomers to the aqueous bulk solution. This finding is consistent with previous reports (18) in which dye aggregates bound on polyelectrolytes were reported to be dissociated by KCl.
Ionic strength also influences monomeric binding. The mode of MB binding (intercalative or nonintercalative) on DNA or RNA depends on ionic strength (31) (32) (33) . Q0B phage, which is composed of RNA, behaves like the polynucleotides at different ionic strengths (31) (32) (33) . To study these effects with Q,B, the optical absorption and fluorescence of an aqueous solution containing MB and Q03 were recorded at different concentrations of NaCl (Fig. 8) . In the absence of NaCl, almost all MB was bound to the virus as monomer (spectrum b). When the concentration of NaCl increased, the fluorescence of the free MB increased (spectra c and d) and the peak of the optical absorption shifted back to the position of the free monomer dye (spectrum a). In addition, the fluorescence excitation spectra of both the free monomer and the MB/Qf3/NaCl system ([NaCl] = 0.1 M) are almost identical. These results show that monomerically bound MB was released to the aqueous phase as a result of the increase in ionic strength.
CONCLUSION
The use of organic dyes as sensitizers for the inactivation of viruses in human blood products requires that the sensitizers show a high affinity to the virus. The cationic organic dye MB and its analogs Th and TP show such an affinity for bacteriophage Q01, probably by association with viral nucleic acids, possibly with coat protein. At low Q03 concentrations (<5 x 10-9 M) and dye concentrations between 0.5 and 5 ,uM (dye/phage ratios > 1000), the dyes aggregate on the virus but this mode of association may be ineffective in viral inactivation because of self-quenching of the excited state of the dye. Both dye concentration and, surprisingly, the concentration of virus determine whether dye binds to the virus as monomer or aggregate.
Ionic strength strongly influences both monomeric adsorption and aggregation to virus. Increasing the ionic strength destroys virus-bound dye aggregates and releases bound dye 
